Brain Lipid Changes Following Hypoxia
• Biochemical changes signaling irreversible damage in brain cells following hypoxia are incompletely understood. Disruption of membrane structure may play a role in this process. Lipids and long-chain fatty acids are important constituents of neural membranes and could serve as markers of membrane breakdown. The present study was undertaken to assess the brain lipid profile and the process of fatty acid elongation in adult rats subjected to hypoxia and unilateral carotid ligation. Following functional recovery from hypoxia, the brain lipids were analyzed in both hemispheres and disclosed a significant reduction of inositide glycerophosphatide (PI) and serine glycerophosphatide (PS). Mitochondrial fatty acid elongation was increased by more than 100% and the pattern of elongation more closely resembled that seen during myelination rather than maturity. Although the degree of brain hypoxia is not predictable in the rat model, the lipid alterations indicate a reparative process following a suppression of lipid metabolism during hypoxia. Delineation of biochemical processes signaling irreversible brain damage will await further studies on regional and subcellular changes.
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• "Transient ischemic attacks" are wellrecognized complications of cerebrovascular disease. Neural functions typically return to normal following these episodes, while prolonged ischemia results in permanent neurological damage. Biochemical alterations in brain cells leading to a temporary loss of function are attributed to depleted energy stores resulting from neuronal ischemia and/or hypoxia. 1 '" The critical biochemical changes, however, heralding the important phase of irreversible cell damage are incompletely understood. Current biochemical research in ischemia and/or hypoxia deals with energy production, substrate utilization, synthesis of organic compounds such as transmitters, and the function of the "ion pump." 2 -s An area of fruitful research regarding alterations which signal irreversible damage is suggested by in vitro neurophysiological and morphological observations by Webster and Ames on explanted retinal tissues. 4 Their observation that the inability to reverse hypoxic damage coincides with membrane* disruption suggests that a loss of membrane integrity may result in irreversible cell damage. A similar conclusion is suggested by membrane alterations in subcellular organelles after in vivo hypoxia as demonstrated by electron microscopy. 5 In order to test this possibility, our research was designed to study lipids, a major constituent of membranes. The overall lipid profile and the mitochondrial elongation of fatty acids were investigated in rat brains subjected to hypoxia and hypoxia-ischemia using the technique of Levine. 9 This report concerns a portion of our
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investigations on various synthetic and catabolic processes of neural membranes under hypoxic conditions.
Methods
Adult Sprague-Dawley rats weighing 250 to 300 gm were subjected to left carotid ligation under ether anesthesia. The operative procedure left no detectable motor deficits, and one to two hours after full recovery from anesthesia the rats were placed in a bell jar perfused with 100% nitrogen. Following a generalized seizure which occurred in three to five minutes, the animals were introduced to room air and allowed to recover. After a period of five to ten minutes the animals were active and showed no detectable weakness or unsteadiness. Littermate control rats were subjected to left carotid ligation, but not to hypoxia. The brains were obtained by decapitation 30 minutes after recovery. The ambient temperature at the time of brain removal was room temperature, kept at 68°F. The brains were removed and placed in ice-cold sucrose in an ice bath immediately after the rats were decapitated. The cerebral hemispheres were separated and prepared for lipid analysis and mitochondrial isolation. They were maintained at 1 °C until homogenization about five minutes later. Histological sections of whole brains were made two weeks after the rats were exposed to nitrogen to allow reactive cellular changes to take place. Histological stains were hematoxylin and eosin. and no frozen sections or neutral fat stains were made.
LIPID ANALYSIS
The lipids were extracted with 19 vol chloroform: methanol (2:1, v/v), isolated, identified, and quantitated by the method of Rouser et al. 7 The method involves Sephadex column chromatography followed by two-dimensional thin layer chromatography (TLC). Recoveries for phospholipids averaged 96%, while galactolipids were 98%, and cholesterol was 97%. The statistical significance of the lipid data was interpreted with the t-test.
MITOCHONDRIAL ISOLATION
Brain hemispheres were removed after decapitation and were homogenized in 9 vol of ice-cold 0.32 M sucrose. The crude mitochondrial fraction was isolated by differential centrifugation in a discontinuous sucrose density gradient. 8 -° The relative purity of the preparation was monitored by electron microscopy performed by Dr. W. Ellis (Langley Porter Neuropsychiatric Institute, San Francisco). The mitochondrial purity was estimated to be 85% to 90% pure in all samples. Mitochondrial protein was determined by the 588 method of Lowry, Rosebrough, Farr, and Randall with bovine serum albumin standard.
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MITOCHONDRIAL INCUBATION
The incubation medium contained 2 mg of mitochondrial protein, 120 ^.moles of phosphate buffer (pH 6.5), 2 ^.moles of NADPH, 2 /i,moles of NADH, 16 /xmoles of ATP, and 68 nmoles of acetyl-l-[ 14 C]-Coenzyme A (58.1 mCi/mmole; New England Nuclear Corporation, Boston, Massachusetts). Each sample in a final volume of 1 ml was incubated at 38° C for 20 minutes in a Dubnoff shaker (two cycles per second) under an atmosphere of N 2 to prevent dehydrogenase activity. 11 The reaction was stopped by the addition of 19 vol of chloroform: methanol (2:1, v/v).
FATTY ACID ISOLATION, PURIFICATION AND GAS-LIQUID CHROMATOGRAPHY (GLC)
The lipids were extracted and purified by the technique of Folch-Pi, Lees, and Sloane-Stanley. 12 The fatty acids were methylated with boron trifluoride methanol by heating for ten minutes at 100° C in an atmosphere of N,. 13 The methylated fatty acids were purified and separated from dimethylacetals and hydroxy fatty acid esters by TLC on silicic acid developed with benzene as solvent. 13 The methylated fatty acids were analyzed by temperature programming (from 150 to 200° C at a rate of 5°/min) on a dual column Hewlett-Packard Model 402 gas-liquid chromatograph. Both six-foot glass columns contained 6% (w/v) diethylene glycol succinate polymer on 80 to 100 mesh Diatoport S (Hewlett-Packard, Palo Alto, California). Quantitation of individual fatty acids was achieved by an Infotronics CRS 100 Digital Integrator. Fatty acids were identified by comparing their relative retention times to standards obtained from Applied Sciences Laboratories. Carbon numbers of fatty acids were assessed by hydrogenation, using platinum oxide as catalyst, and rerunning the saturated fatty acids by gas-liquid chromatography. In addition, identification of fatty acids was confirmed by combined gas-liquid chromatography-mass spectroscopy, performed by Dr. H. Dwight Fisher (West Coast Technical Service, San Gabriel, California). Quantitation of Fatty Acid Standards KD and KF (National Heart Institute, Bethesda, Maryland) agreed witii die stated composition, with a relative error of less than 3% for major components and less than 8% for minor components. A stream splitter diverted a portion of the effluent carrier gas and allowed collection of individual fatty acids in capillary tubes. The fatty acid fractions were washed into counting vials with 10 ml of PPO-POPOP (Packard), and the radioactivity determined on a Packard Model 
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Counter. An assessment of the relative specific activity was made by dividing the percent counts/ min by the percent GLC composition for each fatty acid fraction. Recovery of radioactivity was approximately 80% on repeated checks using [
14 C]-Palmitic acid. Despite other means of collecting radioactive fractions, we could not improve on the 80% recovery; this is a common experience. The range of error was less than 5% but reproducible from sample to sample.
Results
The results of the lipid analyses of hypoxic cerebral hemispheres and controls are presented in table 1. The three lipid classes (phospholipids, galactolipids, and cholesterol) in the hypoxic brains maintain a proportional relationship similar to that of the controls. Despite a fractional increase in cholesterol following hypoxia and a minor variation in galactolipids, the data are not interpreted as indicating significant alterations. Noteworthy, however, is a significant reduction of inositide glycerophosphatide (PI) (p<0.01) and serine glycerophosphatide (PS) (p < 0.025) with a slight elevation of choline glycerophosphatide (PC, lecithin) (p < 0.025) in the right and left cerebral hemispheres following hypoxia. Although the total quantity of galactolipids is relatively unchanged following hypoxia, a slight but definite increase in the concentration of cerebroside occurs at the expense of sulf atide. The average cerebroside/sulf atide ratio is altered from the normal 3.2 to 4.2.
Fatty acid elongation by brain mitochondria following hypoxia is shown in table 2. Triplicate samples of both the right and left cerebral hemispheres, contralateral and ipsilateral to the carotid ligation, respectively, show an identical quantity of fatty acid elongation. Noteworthy is the finding of a greater than 100% increase in fatty acid elongation following hypoxia as compared to the normal controls. All mitochondrial samples were isolated and incubated simultaneously. Table 3 depicts the variety of mitochondrial fatty acids present and the patterns of fatty acid elongation following hypoxia. The quantities of mitochondrial fatty acids found in the hypoxic, so-called hypoxic-plus-ischemic, and the control hemispheres are virtually identical. The major fatty acids present are: 16:0, 18:0, 18:1, 20:4, and 22:6. The conditions used for GLC did not allow separate 14 The corresponding values for hypoxic brain mitochondria are 22.9% and 22.6% for the right and left hemispheres, respectively.
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Discussion
Biochemical alterations in the brain during hypoxia have been investigated extensively, although definition of critical changes signaling irreversible neural damage has not been made. Interestingly, ischemia to the brain as a result of decapitation results in a fourfold to sevenfold increase in glycolytic rat primarily due to phosphorylation of glucose and fructose-6-phosphate and phosphorolysis of glycogen. 16 ' 17 Of interest is the report by Gerstl et al., 18 who studied the brain lipids of a patient experiencing severe anoxia and found a significant reduction of polyunsaturated fatty acids while the other lipids remained normal. The difficulty in critically assessing the significance of biochemical changes with hypoxia lies in the lack of knowledge of the functional state of the experimental animal when the studies are performed. For example, the degree and duration of hypoxia, the time interval after which the studies are performed, the regional and subcellular fractions studied, and the amount of reversible and irreversible damages sustained would measureably influence the biochemical findings. 19 In addition, a predictable hypoxic model would depend upon the control of systemic variables such as arterial pH, Po 2 , Pco.,, lactic acid, blood pressure, regional cerebral blood flow, and spinal fluid alterations. Various experimental models have been utilized, and include exsanguination 20 and degrees of vascular interruption. 21 ' 22 The rat model for cerebral hypoxia and hypoxiaischemia has been studied in detail but, despite its serious limitations, offers significant information regarding lipid metabolism.
Our data indicate that changes in rat brain following hypoxia are detected by (1) analytical studies and (2) synthesis of longchain fatty acids by mitochondria. Analytical studies of brain lipids disclose no difference in the total quantities of phospholipids, galactolipids, or cholesterol. Within the phospholipid and galactolipid classes, however, a significant alteration of inositide glycerophosphatide (PI) Stroke. Vol. 23 has recently shown that PI is the specific lipid moiety on the so-called "receptor proteolipid" that binds acetylcholine, and this suggests that synaptic function is modulated by this activity. Also, inositide glycerophosphatide, serine glycerophosphatide and choline glycerophosphatide (lecithin) were found to be the three lipids with the most rapid turnover in brain and were felt to represent a "labile" membrane subunit. 24 An exact interpretation of our data cannot be made since the quantitative changes may reflect an increased breakdown or a decreased synthesis or a combination of both. Increased synthesis of fatty acids following hypoxia suggests a reparative process. Investigations on lipid catabolism would clarify which mechanism is operative. Whether more pronounced or sustained changes in these lipids is associated with irreversible neuronal damage requires further experimental investigation. Moreover, information on lipid changes in subcellular organelles of various brain regions may shed light on their magnitude and significance.
Analysis of total galactolipids from hypoxic brains reveals no alteration from normal controls. A mild increase, however, in cerebroside content with a corresponding decrease of its sulfated ester, sulfatide, is detected. The turnover of sulfatides is normally slow. 25 Since the synthesis of sulfatides proceeds by a sulfation process of cerebrosides, 20 depressed levels of sulfatides following hypoxia may reflect this reaction's sensitivity to hypoxia. On the other hand, sulfatide breakdown with an accumulation of cerebroside may be a direct result of local tissue acidosis 27 or an activation of Iysosomal sulfatase. Despite these uncertainties, it is apparent that these minor glycolipid alterations as well as phospholipid changes are not associated with detectable functional or histological alterations.
Fatty acid elongation by brain mitochondria following hypoxia is particularly interesting. Of note is a greater than 100% increase in fatty acid elongation in both the so-called "ischemic-anoxic hemisphere," ipsilateral to the carotid artery ligation, and the "anoxic 592 hemisphere," contralateral to the ligation. In addition, a change in pattern of fatty acid elongation occurs such that the longer chain, 22:4 fatty acid synthesis, is increased. A similar pattern is seen during myelination, corresponding to a period of rapid increase in brain metabolism and synthesis of neuronal connections.
14 This change in the pattern of long-chain fatty acids may reflect synthesis of critical structural fatty acids as opposed to those required for cellular maintenance. This marked increase in long-chain fatty acid synthesis is interpreted to indicate an attempt by brain cells to reconstitute their neural membranes. Since exogenous acetyl-CoA and required cofactors (ATP, NADH, and NADPH) are supplied in excess, activation of the elongation enzyme is probably accomplished by conformational alterations.
Absence of significant histological alterations between the so-called "anoxic" and the "anoxic-ischemic" cerebral hemispheres (Levine) suggests that this technique does not provide a predictable model for unilateral cerebral ischemia.
From the data provided on the lipid alterations following brain hypoxia and full functional recovery, it is concluded that (1) the depression of inositide glycerophosphatide (PI) and of serine glycerophosphatide (PS) reflects a cessation of the synthesis during hypoxia of these more labile lipids, and (2) the marked increase of mitochondrial fatty acid elongation and the slight shift in pattern of elongation toward the longer chain fatty acids reflects a process of membrane repair by brain cells. The relationship of lipid alterations in brain hypoxia to the critical assessment of irreversible damage will await further studies in an experimental model which allows greater predictability for the phases of reversible and irreversible brain damage.
